All relevant data are within in the paper.

Introduction {#sec001}
============

Respiratory syncytial virus (RSV) infections are a common cause of lower respiratory diseases in infants and the elderly worldwide. Newborn infants, high-risk individuals, and the elderly are susceptible to RSV infections \[[@pone.0155777.ref001], [@pone.0155777.ref002]\]. RSV infections mainly cause upper respiratory illnesses, with the subsequent development of lower respiratory symptoms, such as wheezing, dyspnea, and, ultimately, respiratory failure in some very young infants. Approximately 33.8 million infants are estimated to have been infected with RSV, with 66,000--199,000 deaths annually \[[@pone.0155777.ref003]\]. Furthermore, a 3.2-fold increase in the risk of wheezing and 3.1-fold increase in the risk of asthma have been reported in hospitalized patients with RSV bronchiolitis \[[@pone.0155777.ref004]\]. RSV bronchiolitis is associated with the infiltration of neutrophils and eosinophils in lung tissues, and may be related to Th2-type cytokine responses. Legg et al. \[[@pone.0155777.ref005]\] analyzed the nasal lavage fluid from patients, and demonstrated that IFN-γ levels were significantly lower in infants who developed acute bronchiolitis after RSV infection on Day 1--2 than in infants who did not developed acute bronchiolitis. They also analyzed cytokine mRNA production by stimulated peripheral blood mononuclear cells (PBMC), and demonstrated IL-4/ IFN-γ mRNA production was significantly higher in the infants who developed acute bronchiolitis.

Most infants are infected with RSV until three years of age and are reinfected after recovery. The reason why infants are repeatedly infected has been attributed to the poor immune responses induced by the initial RSV infection \[[@pone.0155777.ref006]--[@pone.0155777.ref008]\]. Neutralizing (NT) antibodies against RSV have been suggested to bind to the RSV-fusion (F) and attachment glycoprotein (G) proteins, which play important roles in protecting against infections. The RSV-F protein is genetically stable among wild circulating strains and is crucially involved in the infection process of virus-cell fusion. A humanized monoclonal antibody preparation against the F protein, called palivizumab (Synagis®: MedImmune, Gaithersburg, MD), is currently used for prophylaxis against RSV infection.

Immunological studies after natural RSV infection have been conducted using experimental animal models since the 1980s. Prince et al. \[[@pone.0155777.ref009]\] reported that virus clearance was promoted by the administration of a high dose of anti-RSV serum to infant cotton rats. However, difficulties are associated with the induction of NT antibodies against RSV following natural infection in young infants. Murphy et al. \[[@pone.0155777.ref010], [@pone.0155777.ref011]\] showed that infants infected with RSV produced moderate levels of IgG and IgA following primary infection, while one infant failed to develop EIA antibodies against the RSV-F protein. Although the reason for this phenomenon currently remains unknown, plausible mechanisms have included the presence of maternally conferred antibodies that interfere with immune responses to RSV infection in infants due to binding to RSV particles \[[@pone.0155777.ref010]\]. NT antibodies protect against viral infections, and the cellular immunity of cytotoxic lymphocytes (CTL) eliminated RSV-infected cells. However, CTL activity has not yet been investigated in detail in a clinical setting because of the difficulties associated with sample collection and assay procedures.

In order to obtain a better understanding of NT and CTL responses in young infants, the development of immune responses was examined in cotton rats infected several times with RSV subgroups A and B.

Materials and Methods {#sec002}
=====================

Study design {#sec003}
------------

This study protocol was approved by the Committee on the Ethics of Animal Experiments of the University of Kitasato Institute for Life Sciences (Permit Number: 13--003). All procedure was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.

Cells and viruses {#sec004}
-----------------

RSV/A/Tokyo/2012 and RSV/B/Tokyo/2012 were isolated from clinical samples in 2012. RSV/A/Tokyo/2012 was propagated in HEp-2 cells and RSV/B/Tokyo/2012 was propagated in Vero cells. HEp-2 cells were maintained in minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS). Vero cells were maintained in Eagle's MEM supplemented with 5% FBS.

RSV infection in cotton rats {#sec005}
----------------------------

The study protocol is shown in [Fig 1](#pone.0155777.g001){ref-type="fig"}. Cotton rats (*Sigmodon hispidus*), aged 7--8 weeks old, were prepared for repeated RSV infections with the Long strain, and three animals were included in each group for the first, second, third, and fourth infection. The experiments of the third and fourth infections were performed twice. Cotton rats were anesthetized and then infected with the RSV Long strain (1×10^6^ pfu/rat) through an intranasal route at 0, 4, 8, and 12 weeks. Cotton rats were sacrificed 4 days after each infection. In order to examine immune responses to the subgroups A and B, twelve cotton rats were prepared and divided into four groups. Two groups, showing A-3 and B-3, were challenged with RSV/A/Tokyo/2012 or RSV/B/Tokyo/2012 one month after the second infection, and sacrificed. The other two groups, showing A-4 and B-4, were challenged one month after the third infection, and sacrificed. Serum samples were obtained immediately before infection \[[@pone.0155777.ref012]\].

![Experimental schedule for repetitive respiratory syncytial virus infections.\
Cotton rats were infected with the Long strain (1×10^6^ pfu/rat). Three cotton rats each were sacrificed 4 days after the first, second, third, and fourth infections. The third and fourth infection were analyzed twice. In order to examine immune responses to subgroup A and B, twelve cotton rats were prepared and divided into four groups. Six rats were challenged with RSV/A/Tokyo/2012 or RSV/B/Tokyo/2012 one month after the second infection, and sacrificed the groups of wild-type A-3 and B-3. The other rats were challenged one month after the third infection, and sacrificed. Wild-type A-3, B-3, A-4, and B-4 are showing a third and fourth infection with RSV/A/Tokyo/2012 or RSV/B/Tokyo/2012.](pone.0155777.g001){#pone.0155777.g001}

Flow cytometry {#sec006}
--------------

A total of 1--2×10^6^ freshly isolated splenocytes was stimulated with 1 μM of individual peptides in the presence of 10 μg/ml brefeldin A (Alomone labs, Israel) in 500 μl culture medium (RPMI, supplemented with 10% FCS) at 37°C for 5 hours. Peptides corresponding to CD8^+^ T cell epitopes were synthesized (Medical ... Biological Laboratories Co. Ltd. Japan) \[[@pone.0155777.ref013], [@pone.0155777.ref014]\]. After the stimulation with 1 μM of respective peptides, cells were harvested, washed, and incubated with an anti-CD8 antibody (R&D Systems, USA) for 30 min. Cells were fixed with the Cytofix/cytoperm kit (BD Pharmingen, San Diego, CA), and intracellular cytokines were stained with a goat IgG antibody against cotton rat IFN-γ (R&D Systems, USA) and anti-goat IgG-PE-Cy7 (Santa Cruz Biotechnology, Inc., USA) for 60 min. Cellular populations were analyzed using flow cytometry with *Cytomics* FC 500 (Beckman Coulter, Inc., USA) \[[@pone.0155777.ref015]\]. The splenocytes were counted 100,000 cells or for six minutes, and CD8^+^ IFN-γ^+^ cells were analyzed in gate.

NT antibody responses {#sec007}
---------------------

NT against RSV was performed with the 50% plaque reduction assay using the Long strain, as previously reported \[[@pone.0155777.ref016]\]. Briefly, serum samples were serially diluted two-fold, starting from a 1:10 dilution, and then mixed with an equal volume of RSV subgroup A (100 PFU) at room temperature for one hour. In the present study, NT antibody titers were examined not only against the Long strain, but also against wild strains. Serum samples were serially diluted two-fold, starting from a 1:5 dilution, and then mixed with an equal volume of RSV subgroup B (100 TCID~50~) at room temperature for one hour. The mixture was incubated on Vero cells at 37°C for 6 days in 5% CO~2~. These cells were fixed with 99.5% ethanol for 10 minutes and washed with PBS. Polyclonal antibodies against RSV (Abcam, Cambridge, UK) were diluted at 1:1,000 and incubated at room temperature for two hours. The antibodies were removed and cells were washed with PBS. Anti-goat IgG-HRP (Santa Cruz Biotechnology, Inc.), diluted at 1:1,000, was then added, and the plate was incubated at room temperature for 40 minutes. The plate was washed with PBS, and Vero cells were stained using the Peroxidase Stain DAB Kit with a Metal Enhancer DAB stain (NACALAI TESQUE, INC. Kyoto, Japan). NT antibody titers were expressed as the reciprocal of the highest dilutions that inhibited the appearance of the CPE of RSV.

HE staining and immunostaining {#sec008}
------------------------------

Lung tissues were fixed with 4% formaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin-eosin (HE). Immunostaining was performed using a four-clone blend of monoclonal antibodies against the RSV P, F, and N proteins (AdB Serotec, UK) and anti-mouse IgG conjugated with HRP (Dako North America, Inc.)\[[@pone.0155777.ref017]\]. Lung tissue specimens were stained using the Peroxidase Stain DAB Kit and Metal Enhancer DAB stain (Nacalai Tesque, Inc., Kyoto, Japan).

As for the scoring of histological findings, six random fields per group were scored for histopathology using the following criteria: 1, swelling of alveolar walls; 1, destruction of bronchial epithelial cells; 1, peribronchial infiltration of inflammatory cells; 2, mucus as a production cause of occlusion in the bronchial space; and 1, bleeding. Microscopic images were taken with a Life Technologies EVOS XL Core light microscope at 40× magnification.

Detection of infectious RSV in rat lungs {#sec009}
----------------------------------------

Cotton rats were sacrificed four days after being infected and lung tissues were obtained in order to detect infectious RSV. A total of 0.1 ml of a 10-fold serial dilution of the lung tissue homogenate was placed on HEp-2 cells, which were then incubated at 37°C with shaking every 30 min for 4 hours. MEM 5% FBS with 0.5% agar was overlaid. Plaque numbers were counted after an incubation at 37°C for 6 days, and infectivity was expressed as the number of plaques adjusted to 1 g of lung tissue, as described previously\[[@pone.0155777.ref017], [@pone.0155777.ref018]\].

Results {#sec010}
=======

NT antibody responses following RSV infections {#sec011}
----------------------------------------------

The results of the development of NT antibodies are shown in [Fig 2A](#pone.0155777.g002){ref-type="fig"} and [Fig 2B](#pone.0155777.g002){ref-type="fig"}. NT antibody titers against the Long strain were below the detection limit one month after the first infection. NT antibody titers increased to 2^4.98±0.51^ one month after the scond infection, and to 2^5.98±1.03^ following the third infection ([Fig 2A](#pone.0155777.g002){ref-type="fig"}). NT antibody responses against different subgroups were examined. In the present study, the wild-type clinical isolates, RSV/A/Tokyo/2012 and RSV/B/Tokyo/2012, were used, and the development of NT antibodies against different subgroups is shown in [Fig 2B](#pone.0155777.g002){ref-type="fig"}. NT antibody titers against RSV/B/Tokyo/2012 increased to 2^5.32^ following the third infection, similar to those against the Long strain and wild strain. These results suggest that cross-reactive NT antibodies were induced by repetitive infections with RSV.

![Neutralizing antibody responses against RSV.\
(A) Serum samples were obtained 4 weeks after the first, second, and third infections. Neutralizing (NT) antibody responses were examined using the 50% plaque reduction assay with the Long strain. Bars show the average (pre and first infection: n = 3, second and third infections: n = 6 rats per group). Three serum samples were obtained 4 weeks after the first infection, and six samples were collected after subsequent infections. (B) Serum samples obtained one month after the third infection were used. Serum samples were mixed with RSV/A/Tokyo/2012 or RSV/B/Tokyo/2012, incubated at room temperature, and inoculated on Vero cells. They were stained with polyclonal antibodies against RSV conjugated with HRP. Data are shown as the average of three animals per group.](pone.0155777.g002){#pone.0155777.g002}

Assessment of the ratio of CD8^+^ IFN-γ^+^ cells {#sec012}
------------------------------------------------

CTL responses were assessed by counting the number of CD8^+^ IFN-γ^+^ cells in spleen cell cultures stimulated with peptides using flow cytometry. The results obtained show the ratio of the number of CD8^+^ IFN-γ^+^ cells stimulated with the antigen divided by that obtained without the stimulation. The results for first infection groups showed a ratio of 1.0 or lower, indicating that CD8^+^ IFN-γ^+^ cells had not responded to peptides after the first infection. The number of CD8^+^ IFN-γ^+^ cells increased with repetitive infections ([Fig 3](#pone.0155777.g003){ref-type="fig"}). In the case of the stimulation with F (247--261), the number of CD8^+^ IFN-γ^+^ was increase 1.8-fold higher than that without the stimulation following the second infection. This result demonstrated that RSV-specific cells were induced after the second infection. The results obtained following the third infection, revealed that the number of CD8^+^ IFN-γ^+^ cells stimulated with F (247--261) or F (253--265) was lower than that following the second infection. The number of CD8^+^ IFN-γ^+^ cells in response to NP (360--368) increased by 1.46±0.50-fold, while that in response to NP (306--317) increased by 1.59±1.12-fold following the fourth infection. The number of CD8^+^ IFN-γ^+^ cells in response to M2-1 was lower than that in cells stimulated with F and NP. The peptides used in the present study were selected based on the previous reports \[[@pone.0155777.ref019], [@pone.0155777.ref020], [@pone.0155777.ref021]\]

![Ratio of CD8^+^ INF-γ^+^ cells in splenocytes in response to M2-1, F, and NP peptides.\
Cotton rats were infected with the RSV Long strain and splenocytes were obtained four days after the first, second, third, and fourth infections. Data are shown as the average of three (at the first and second infections) to six (at the third and fourth infections) animals. The number of cells was counted in gate. Data show the ratio of the number of cells stimulated with the antigen divided by the number of cells incubated in RPMI buffer. Bars represent means ± SE.](pone.0155777.g003){#pone.0155777.g003}

Viral clearance {#sec013}
---------------

The infectious titer of the virus recovered from the lungs was expressed as PFU per gram of lung tissues. A total of 10^4.6^ PFU/g of infectious viruses was detected in the lung homogenates obtained after the first and second infections ([Fig 4](#pone.0155777.g004){ref-type="fig"}). No infectious virus was detected in lung tissues obtained after the third or fourth infection. Similar results were obtained in an examination of infections with RSV/A/Tokyo/2012 and RSV/B/Tokyo/2012. These results suggest that animals acquired protective immune responses with repetitive infections using the same strain, and support the induction of cross-reactive NT antibodies ([Fig 2B](#pone.0155777.g002){ref-type="fig"}).

![Recovery of the infectious RSV Long strain from lung tissues.\
Three cotton rats were infected with 1.0×10^6^ PFU of the RSV Long strain. Virus infectivity was monitored in lung homogenates, and RSV infectivity was shown as PFU per 1 gram of lung tissue. B.D.L indicates below the detection limit.](pone.0155777.g004){#pone.0155777.g004}

Histopathological findings {#sec014}
--------------------------

Inflammatory cells were observed in lung tissues after each infection ([Fig 5A](#pone.0155777.g005){ref-type="fig"}). The thickening of alveolar walls and infiltration of inflammatory cells were less severe following the fourth infection (Figs [5A b-e](#pone.0155777.g005){ref-type="fig"}). RSV antigens were detected around the bronchioles after the first and second infections ([Fig 5A f and g](#pone.0155777.g005){ref-type="fig"}), but were absent after the third and fourth infections ([Fig 5A h and i](#pone.0155777.g005){ref-type="fig"}). The histological score was very high following the first infection ([Fig 5B](#pone.0155777.g005){ref-type="fig"}). The swelling of alveolar walls, severe destruction of bronchial epithelial cells, peribronchial infiltration of inflammatory cells and, bleeding were detected in the fields examined. The histological score decreased following the third and fourth infections.

![Histopathological findings of lung tissues following infections with the RSV Long strain.\
(A) The results of hematoxylin-eosin (HE) staining and immunostaining are shown. Lung tissues were obtained from cotton rats inoculated with the supernatant of the HEp-2 cell homogenate through an intranasal route as a negative control (a). Lung tissues were obtained four days after the first, second, third, and fourth infections and the results of HE staining are shown (b-e). Lung tissues were stained with a four-clone blend of monoclonal antibodies against the RSV P, F, and N proteins and anti-mouse IgG conjugated with HRP (f-i). Each panel shows the magnification of 1:200. (B) Lung tissues infected with the Long strain were scored. Lung tissues were sectioned and stained with HE. Six random fields per group were scored for histopathology based on the following criteria: narrowing alveolar space, thickness of alveolar walls, destruction of bronchial epithelial cells, peribronchial infiltration of inflammatory cells, mucus production, and bleeding. Bars represent means ± SE.](pone.0155777.g005){#pone.0155777.g005}

Cross-reactive NT antibodies were induced after the third infection with the Long strain ([Fig 2B](#pone.0155777.g002){ref-type="fig"}). No infectious virus was recovered after the third or fourth infection with RSV/A/Tokyo/2012 and RSV/B/Tokyo/2012 ([Fig 4](#pone.0155777.g004){ref-type="fig"}). The histological findings of both groups infected with RSV/A/Tokyo/2012 and RSV/B/Tokyo/2012 are shown in [Fig 6A](#pone.0155777.g006){ref-type="fig"}. Animals were infected with RSV/A/Tokyo/2012 and developed pneumonia; however no RSV antigens were detected on the field following the third infection ([Fig 6A a and c](#pone.0155777.g006){ref-type="fig"}). In the case of the fourth infection, although very mild pneumonia was observed in lung tissues ([Fig 6A b](#pone.0155777.g006){ref-type="fig"}), no RSV antigens were detected around the bronchioles of all animals ([Fig 6A d](#pone.0155777.g006){ref-type="fig"}). The infiltration of inflammatory cells and histological findings of pneumonia were observed following the third and fourth infections with heterologous RSV/B/Tokyo/2012 ([Fig 6A e and f](#pone.0155777.g006){ref-type="fig"}). However, no RSV antigens were detected ([Fig 6A g and h](#pone.0155777.g006){ref-type="fig"}). These results were consistent with the clearance of infectious viruses from the lungs. Histopathological findings were scored in order to assess the severity of inflammation. Histopathological scores were lower in the third and fourth infections than in the first and second infections ([Fig 5B](#pone.0155777.g005){ref-type="fig"}). The same results were obtained following infections with RSV/A/Tokyo/2012 and RSV/B/Tokyo/2012 ([Fig 6B](#pone.0155777.g006){ref-type="fig"}). These results support repetitive infections contributing to milder inflammation.

![**Histopathological findings after third and fourth infections with wild-type RSV subgroups A and B.** (A) Cotton rats were infected with RSV/A/Tokyo/2012 or RSV/B/Tokyo/2012 in the second or third infections with the Long strain. The results of HE staining after infections with RSV/A/Tokyo/2012 (a and b), and those of immunostaining after infections with RSV/A/Tokyo/2012 were shown (c and d). The results of HE staining after infections with RSV/B/Tokyo/2012 were shown (e and f), and those of immunostaining after infections with RSV/B/Tokyo/2012 were shown (g and h). Each panel shows a magnification of 1:200. (B) Lung tissues infected with RSV/A/Tokyo/2012 or RSV/B/Tokyo/2012 were scored. Bars represent means ± SE.](pone.0155777.g006){#pone.0155777.g006}

Discussion {#sec015}
==========

RSV causes repetitive respiratory infections in young infants because of poor immune responses to the initial infection. Therefore, infants acquire strong and cross-reactive immune responses through repeated infections. Premature immune responses are regarded as one of the reasons for insufficient immune responses after the first infection, and maternally conferred antibodies interfere with their immune responses by binding virus particles. Dendritic cells and macrophages do not induce strong immune responses because RSV has been shown to disturb the immune system \[[@pone.0155777.ref007], [@pone.0155777.ref008]\].

In the present study, NT antibody titers increased significantly after the second RSV infection ([Fig 2](#pone.0155777.g002){ref-type="fig"}). The acquisition of a moderate or high NT antibody titer is needed for protection against RSV infections in animal models \[[@pone.0155777.ref009]\]. NT antibody titers were elevated after the second infection, with animals being protected against the third and fourth infections. However, other studies have indicated that animals produced IgG and sufficient NT antibody responses after RSV infection in mouse model \[[@pone.0155777.ref022], [@pone.0155777.ref023]\]. These differences have been attributed to differences in the animal species examined and experimental methods used. Repetitive infections with the Long strain induced cross-reactive immune responses against RSV/B/Tokyo/2012, with similar NT antibody titers being noted against RSV/A/Tokyo/2012 ([Fig 2](#pone.0155777.g002){ref-type="fig"}).

Th1 immune responses are important for protection against viral infections. A formalin-inactivated RSV (FI-RSV) vaccine was developed in the 1960s that paradoxically enhanced the infiltration of inflammatory cells into the lungs of vaccine recipients following subsequent natural infections with RSV. Th1-type immune responses inhibited the infiltration of inflammatory cells into the lungs following RSV infections \[[@pone.0155777.ref013], [@pone.0155777.ref024]\]. In a vaccine study, the induction of IFN-γ was used as a biological marker for the inhibition of eosinophilia and induction of Th1 immune responses. In the present study, RSV-specific CD8^+^ cells were induced after the second infection and responded to RSV-F and NP ([Fig 3](#pone.0155777.g003){ref-type="fig"}). However, mild pneumonia was observed in the lungs following the third and fourth infections. The immune responses induced by the first or second infection was insufficient to inhibit inflammation following subsequent infections. However, no infectious viruses were detected in the lungs following the third and fourth infections ([Fig 4](#pone.0155777.g004){ref-type="fig"}). Recombinant viruses expressing the RSV-F or G protein have been developed, induce RSV-specific antibodies, and inhibit RSV infections in cotton rats \[[@pone.0155777.ref017], [@pone.0155777.ref018], [@pone.0155777.ref025]\]. These findings indicate that RSV infection is prevented by the induction of antibodies against the RSV-F and G proteins. However, some issues have not yet been sufficiently elucidated, such as immunizations using RSV-F and G proteins not being effective against the different subgroups, and inflammatory cells not being completely cleared from the peribronchial region. In the present study, repetitive infections with RSV induced immune responses against both subgroups. Animals may eliminate RSV through the induction of antibodies and RSV-specific CD8^+^ cells. This result supports the clearance of both subgroups in cotton rats through the induction of CTL activity. A previous study reported that inflammation in the lungs was inhibited by the induction of RSV-specific CD8^+^ IFN-γ^+^ cells \[[@pone.0155777.ref015]\]. In present study, local immunological responses were not examined. Although the induction of secretory IgA and its responses play important roles against infections, the aim of the present study was to investigate the memory of the immune system following repetitive infections. Regarding local cellular immunity, CD8^+^ IFN-γ^+^ cells were detected in the lungs of cotton rats immunized with a recombinant measles virus expressing the RSV-F, N, and M2-1 proteins after an RSV challenge. Lung tissues were stained using an antibody against cotton rat CD8, and the peribronchial region was examined. A large number of CD8^+^ cells were observed, and may play roles in clearance (data not shown).

Conclusions {#sec016}
===========

No immune response was elicited after the first infection, and RSV-specific antibodies and CD8^+^ cells were observed after the second infection. Cross-protective NT antibodies were also detected one month after the third infection and thereafter. Furthermore, viral clearance was enhanced by repetitive infections. These results suggest that the induction of humoral and cellular immune responses is effective against RSV infections.
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